The efficiency of energy conversion in thermoelectric generators (TEGs) is directly proportional to electrical conductivity and Seebeck coefficient while inversely to thermal conductivity. The challenge is to optimize these interdependent parameters simultaneously. In this work, the problem is addressed with a novel approach of nanostructuring and constructive electronic structure modification to achieve a very high-value of dimensionless figure-of-merit ZT > 3.6 at 1000 K with negative Seebeck coefficient. Supersaturated solid-solutions of Si-Ge containing ~1 at.% Fe and 10 at.% P are prepared by high-energy ball milling. The bulk samples consisting of ultra-fine nano-crystallites (9.7 nm) are obtained by the sophisticated "low-temperature & highpressure sintering process." Despite that the electrical resistivity is slightly high due to the localization of electrons is associated with the highly disordered structure and low electrical density of states near the chemical potential, a very low thermal conductivity κ less than 1 W m -1 K -1 and very large magnitude of Seebeck coefficient |S| exceeding 470 V K -1 are achieved in association with the nanostructuring and the Fe 3d impurity states, respectively, to realize a very large magnitude of ZT.
Introduction
The electrical energy plays as an essential part of modern human society. The energy is generated by consuming nonrenewable resources, which on the contradictory is also responsible for the releasing greenhouse gasses in the atmosphere. Greenhouse gases can hamper the ecological balance by disrupting the ecosystem through global warming and climate change. The imbalance in demand and supply of these limited energy resources also forecasts a global energy crisis for the future generation. The solution to the above problems lies in alternative energy
EXPERIMENTAL PROCEDURES
High purity Si (99.99%), Ge (99.99%), and P (99.9999%) chunks in a stoichiometric ratio of Si 55 Ge 35 P 10 were ground and mixed thoroughly with a mortar and pestle in a glove box under argon atmosphere. Further, the powder was sealed in stainless steel mill pot with 20: 1 ball-topowder ratio. The ball milling was carried out in two steps: ( Step I) alloying phase, where powder was milled at 600 rpm for 6  10 h to form supersaturated solid-solution of Si-Ge-P, ( Step II) grinding phase, to obtain ultra-fine nano-grains the powder was milled at 300 rpm for 50 h with a cycle of 30 min milling and 15 min pause time. Pure Si and Ge are quite susceptive for the oxidation 86 , to prevent the oxidation during the milling; the mill pot was refilled at the periodic interval with a mixed gas of argon and hydrogen.
The alloyed powder was collected from the mill pot and filled into a tungsten carbide die ( = 10 mm) in the argon atmosphere of the glove box. The powder was then sintered by Spark Plasma Sintering (SPS) technique with sophisticated sintering parameters, i.e., low-temperature (T = 823 -873 K) & high-pressure (P = 400 -600 MPa) with a very long soaking time (4 h). In this study, we have analyzed three samples for investigating the effect of milling parameters, (a) SM#1/ reference data: sintered after alloying and grinding phase (Step I + II) measurements up to 873 K, 24 The thermal stability of the metastable supersaturated solid-solution was investigated by differential thermal analysis (DTA) using RIGAKU TG8121 in the temperature range of 300 K  1173 K with the heating rate of 10 K/min under argon atmosphere. The phases involved in each sample were analyzed by a conventional powder X-ray diffraction (XRD) using CuKα radiation (λ= 0.15418 nm) in Bruker D8 Advance. The chemical composition was investigated by energydispersive X-ray spectrometry (EDX) from JEOL JED-2140GS equipped with a scanning electron microscope (SEM) JEOL JSM-6330F operated at an accelerating voltage of 15 kV. For the transmission electron microscopic (TEM) analysis, the synthesized Si-Ge-Fe-P powder was grounded in ethanol solution to remove agglomeration of particles. Some drops of the resulting dispersion were dropped on the copper grids with holey carbon films. The grid was examined in a JEM-2100 (JEOL, Japan) operated at 200 kV under vacuum (2.0 ×10 -5 Pa).
The thermal diffusivity (D) of the sintered pellet was measured in the temperature range of 300 -1173 K with using Laser flash method (NETZSCH LFA457), specific heat (C p ) was extracted from the reference sample (Pyroceram9606). Electrical resistivity and Seebeck coefficient were measured using standard four-probe technique and steady-state method, respectively, in the same temperature range (300 -1173 K) and heating  cooling rate 160 K/h under a vacuum condition (10 -2 Pa). The error bar or the uncertainty for the Seebeck coefficient (7 %), electrical resistivity 5 %, thermal conductivity (5 -7 %) and the uncertainty for ZT was about 10 %. The uncertainty in the transport properties was obtained from several measurements and instrumental inaccuracy.
RESULTS

SUPERSATURATED SI-GE-P PHASE STABILIZATION
The supersaturated metastable phase of Si-Ge-P-Fe in ball-milled powder (Step I) was investigated for its thermal stability by heating the sample to 1173 K in DTA measurement. A small exothermic peak was observed at 916 K in the DTA curve shown in Figure 1a . This fact indicates that a phase transition or crystallization of the metastable phase takes place in limited portions of the sample. The XRD patterns of ball-milled powder before and after the DTA measurement are plotted in Figure 1b . The dissimilarity in the two patterns is noticeable. The XRD pattern of the ballmilled powder represents a typical Si-Ge cubic structure (space group: Fd-3m (227)) with broadening in the peaks due to the formation of nanostructures. Presence of amorphous phase was confirmed in halo pattern in background intensity, and also an absence of any impurity peaks. Formation of a supersaturated solution of Si-Ge through the mechanical alloying process was consistent with the reports of Zhang et al. and Suryanarayana et al. 33, 58, 59 Whereas, the XRD pattern of heat-treated powder showed significant sharpening of the peaks, most probably due to improved crystallinity and grain growth. The halo pattern was disappeared after the heating, and the small peaks corresponding to FeSi 4 P 4 precipitation were appeared. Similar impurity peaks were observed in our previous study 24 on the sample sintered at 1173 K above the phase transition temperature. Hence the precipitation of FeSi 4 P 4 from the supersaturated phase is conclusive and very consistent.
To understand the transformation in crystallinity with heat treatment the crystallite sizes was calculated from full-width-half-maximum (FWHM) by using Scherrer's formula The x-ray diffraction patterns of supersaturated Si-Ge-Fe-P ball milled powder and the sintered pellet were accumulated at room temperature and plotted together with the calculated patterns of constituent elements in Figure S1 . We succeeded in obtaining a dense bulk sample without any precipitation of secondary phases. Although the halo pattern in the XRD was disappeared, the peak broadening was retained due to tailored sintering condition, and also the crystallite size was slightly increased to 15.8  0.5 nm. which is shown in Figure 2 . The obtained chemical compositions are summarized in Table 1 . The Here, we would like to emphasize that the Si and Ge are prone to get easily oxidized in the ball milling process, but in general, the oxides are expelled out in the conventional high-temperature (1300 K) sintering process. However, in the low-temperature sintering case, it was unmanageable to remove the oxides and to get the oxidation free powder. Therefore the controlled atmosphere synthesis approach with hydrogen & argon gases was essential for minimizing the oxidation to a negligible value ~ 1 %. We consider that this tiny amount of oxygen would not make any significant contribution to the transport properties.
In-depth analysis by TEM (Figure 3) was carried out to observe the nano-crystallites and the formation of amorphous phase nature of in the samples. The as-milled powder had nanocrystallites (~ 9 nm) and amorphous-like disorder in the various portion of the TEM image, this could explain the halo pattern and peak broadening observed in the XRD pattern. Similarly, the sintered sample also showed very small portions of a disordered structure at the grain boundaries. We speculate that this nanostructure could effectively contribute to reduce the lattice thermal conductivity by strongly scattering the mid to high-frequency phonons. The crystallite sizes observed in TEM images were also consistent with XRD data calculated by the Scherrer's equation. SM#2 and SM#3 throughout the manuscript. A relatively large Seebeck coefficient |S| > 300 V K -1 (Figure 4a ) was observed in the sample sintered after the alloying phase (SM#3). However, the absolute values were slightly smaller than the sample sintered after two-step milling (SM#1 and SM#2). All the transport properties were measured both during heating and cooling over the temperature range above and below the phase transition temperature. (Figure S5) .
The estimated power factor (S 2 ) for SM#3 was slightly larger than the SM#1 throughout the temperature range (Figure 4c) . The PF SM#3 increased gradually with increase in temperature and showed a huge peak of PF SM#3 = 5.8  0.5 mWm -1 K -2 at 1023 K, above this temperature, the PF drops sharply to PF SM#3 = 3.1  0.3 mW m -1 K -2 at 1173 K. In the cooling cycle, the peak for PF SM#3 was reduced by 50 %, and the heating & cooling curves were overlapped below 800 K.
The temperature dependence of thermal conductivities for SM#3,  SM#2, and  SM#1 were plotted in Figure 4d . (Figure 5a) . In the heating cycle, the 10h milled-sintered (SM#3) showed a gradual increment in ZT, and a good consistency with the 60h milled-sintered (SM#1 & SM#2) reference data up to 873 K. Heating above the phase transition temperature (920 K), ZT of this sample exceeded 3 and a peak was observed at 1073 K with a huge value of ZT SM#3 = 3.70  0.15. This value is definitely the highest ever reported or observed for bulk thermoelectric materials. Further heating, the ZT SM#3 drops sharply to 1.50  0.01 at 1173 K, as similar to the PF SM#3, did not recover back and gradually decreased with the cooling cycle (Figure 5b) . For NNH, we observed lnσ vs. 1000/T two components (Figure 6a) , one at low-temperature with activation energy 60 -70  10 meV and other at high-temperature 300  600  20 meV.
Similar linear fitting with two components was observed with 3D-Mott-VRH (Figure 6b ) and ES-VRH (Figure 6c) . This analysis strongly indicates that the hopping conduction with one or a combination of the mechanisms described above occurred in the supersaturated solid-solution of Si-Ge-Fe-P. The thermal conductivities for all the samples were remarkably low (κ ~ 1 Wm -1 K -1 ), which must be due to the nanostructuring. The obtained amorphous-like nanostructure has immeasurable interfaces (grain boundaries, point defects, dislocations, and alloying effect), which could effectively scatter a wide range of phonons (low-high frequency) 81 . Such substantial phonon scattering resulted in shorter phonon mean free paths. The 20 % reduction in thermal conductivity for  SM#1 and  SM#2 compared to  SM#3 should be due to additional defects induced in the grinding phase.
We also suspect some additional mechanisms such as electron-phonon interactions, which might have involved in obtaining such low-thermal conductivity. The model for reducing thermal conductivity in heavily doped (10 19  10 21 cm -3 ) degenerate semiconductors was postulated by Vining et al., 82 Liao et al., 83 . Assuming the above models, experimentally, reduction in lattice thermal conductivity was proposed for heavily doped Si and Si-Ge alloys. 84, 85 The supersaturated Si-Ge-Fe-P phases satisfy above electron  phonon interaction criteria as it contains a large amount of P (10 at. %) with a carrier concentration of ~10 19 cm -3 . 24 In the temperature range from 900 K to 1173 K ( SM#3 ), the bipolar diffusion, thermal excitation, and the degradation of supersaturated solid-solution (increased crystallite size and formation of precipitates) assisting phonon transport. These conditions resulted in higher thermal conductivity. Although the cooling curve showed 80 % deviation in the absolute value of κ was < 2 W m -1 K -1 , which was still low, indicating a presence or retention of nanostructures and probable phonon scattering at the precipitates. ( https://doi.org/10.1063/1.366443. 
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